ABSTRACT Four levels of nonphytate P (NPP; 0.2, 0.3, 0.4, and 0.5%; total P = 0.46, 0.56, 0.66, and 0.76%) and two temperatures (25 and 37°C) were evaluated in chicks from 8 to 22 d. In experiment 1, crossbred male chicks (New Hampshire × Columbian) housed at 25°C increased weight gain at all increasing NPP levels, but chicks exposed to 37°C did not show increased weight gain beyond 0.3% NPP. In experiment 2, environmental temperature was not increased until d 15. Weight gain of crossbred male chicks fed the 0.2% NPP diet was similar at both temperatures, but chicks exposed to 37°C had lower weight gains than chicks housed at 25°C for all other NPP
INTRODUCTION
Heat stress (HS) is a problem in large parts of the world and many areas in the United States. Heat stress has been associated with decreases in broiler weight gain, N retention, protein digestibility, and total mineral retention (Bonnet et al., 1997) . Phosphorus retention of broilers exposed to HS is reduced with increased urinary P excretion (Belay et al., 1992; Belay and Teeter, 1996) . Phosphorus absorption from the digestive tract is reduced in turkeys during HS (Wolfenson et al., 1987) . Heat stress has been shown to reduce plasma inorganic phosphate levels in broiler chickens fed both adequate and low-Ca diets (Ait-Boulahsen et al., 1993) . Although plasma inorganic phosphate levels may be reduced, no difference was noted in P content of carcass parts of broilers reared at HS or control temperatures (Smith, 1993) . Little research has focused on interactions between HS and low dietary P. Fasting chicks for 24 or 48 h that had been previously fed low-P diets has been shown to reduce the survival time of chicks exposed to acute HS in comparison to fasting chicks that had previously been fed P-adequate diets (McCormick et al., 1979 (McCormick et al., , 1980 McCormick and Gar- 2003 Poultry Science Association, Inc. Received for publication January 10, 2003. Accepted for publication June 9, 2003. 1 To whom correspondence should be addressed: poultry@uiuc.edu. 1616 levels. On d 22 to 24, chicks that had been housed at 25°C and fed 0.2, 0.3, and 0.5% NPP were moved to the 37°C chamber to evaluate heat stress on older chicks. Chicks fed the 0.2% NPP diet showed 35% mortality within 6 h. In experiment 3, both male commercial (Ross × Ross) and crossbred chicks that had been housed at 25°C and fed 0.2% NPP from 8 to 22 d showed increased signs of severe heat distress when exposed to 37°C on d 22. Our results suggest that the NPP requirement for growth of 8-to-22-d-old chicks may be reduced by high temperature. However, a NPP deficiency may result in increased mortality or severe heat distress in older chicks that are exposed to an acute increase in temperature. lich, 1982) . We know of no additional published research that has been conducted concerning the interactions between HS and dietary P in chicks. Adverse effects of HS on P metabolism are becoming increasingly important as environmental concerns arise about excess P excreted in poultry manure. Because of pressure to reduce P levels in poultry diets to reduce P excretion, the relationship between HS and dietary P needs to be further evaluated. The objectives of these experiments were to evaluate the interactions between chronic HS and dietary nonphytate P (NPP) on growth and tibia ash in young chicks from 8 to 22 d of age and to determine the effects of acute HS and dietary NPP on mortality, severe heat distress (SHD), and blood parameters in older chicks from 22 to 24 d of age.
MATERIALS AND METHODS

General Chick Procedures
Eight-day-old male chicks resulting from the cross of New Hampshire males and Columbian Plymouth Rock females or commercial broiler chicks (Ross × Ross) were used in three chick experiments. Chicks were housed in an environmentally regulated room in thermostatically controlled starter batteries with raised-wire floors. Feed and water were supplied ad libitum, and continuous light was provided for the duration of the experiments. Chicks were fed a 23% CP corn-soybean meal pretest diet that met or exceeded all NRC (1994) nutrient requirements during the first 7 d posthatch. Following overnight fasting, the chicks were weighed, allotted to groups of five chicks so that mean BW of each group was similar, wingbanded, and randomly allotted to dietary treatments as described by Boomgaardt and Baker (1971) . All animal procedures used in these experiments received approval from the University of Illinois Institutional Animal Care and Use Committee. 
Experiment 1
The first chick experiment was designed to test the effects of chronic HS on 8-to-22-d-old chicks fed different levels of NPP. Treatments were set up in a four by two factorial arrangement with four levels of dietary NPP and two temperatures. A total of 160 male New Hampshire × Columbian crossbred chicks were assigned to four replicate groups of five chicks for each of the eight treatments. Chicks were fed one of four diets (Table 1) gain, feed intake, and feed efficiency were calculated for the 14-d period.
Experiment 2
The second chick experiment was designed to test the effects of chronic HS on 15-to-22-d-old chicks that had been previously fed different levels of NPP and then to evaluate acute HS from 22 to 24 d. Treatments were again arranged as a 4 × 2 factorial arrangement with four levels of dietary NPP (0.2, 0.3, 0.4, and 0.5%) and two temperatures (control and HS). A total of 160 male New Hampshire × Columbian crossbred chicks were assigned to four replicate groups of five chicks for each of the eight treatments. Chicks were fed experimental diets (Table 1 ) from d 8 to 22, and all chicks were kept at 25°C from 8 to 15 d. On d 15, one-half of the chicks were moved into the 37°C chamber, and the remaining chicks were kept at 25°C. Chick weight gain, feed intake, and feed efficiency were calculated for the 8-to-22-d period. On d 22, all chicks were euthanized with CO 2 gas, and the right leg was excised for tibia ash determination. In addition, another 75 crossbred chicks were allotted to five replicate groups of five chicks and fed the 0.2, 0.3, or 0.5% NPP diet at 25°C from d 8 to 22. On d 22, four replicate groups of those chicks were moved to the 37°C environment, with one replicate remaining at 25°C. The latter was done to test the effects of acute HS on older 22-d-old chicks that had previously been fed various levels of NPP. Chick mortality was recorded over the 2-d period. The one replicate group remaining at 25°C was included as a reference only and was not included in the statistical analysis.
Experiment 3
The third chick experiment tested the effects of acute HS on two breeds of 22-d-old chicks that had previously 2 i-STAT Corporation, Princeton, NJ.
been fed various levels of NPP. A 3 × 2 × 2 factorial arrangement was implemented with three levels of NPP (0.2, 0.3, and 0.5% NPP), two breeds (New Hampshire × Columbian and Ross × Ross Strain 508), and two temperatures (25 and 37°C). Chicks were allotted to four replicate groups of five chicks for each treatment. Chicks were fed experimental diets (Table 1 ) from d 8 to 24, and temperature treatments were implemented from d 22 to 24. Chick weight gain, feed intake, and feed efficiency were calculated for the 14-d period prior to initiation of HS. Following initiation of the temperature treatments on d 22, when chicks showed signs of SHD (unable to stand, lying on side, or unresponsive) blood was sampled (wing vein), and the bird was recorded, removed from the experiment, and immediately euthanized with CO 2 gas. At the time of removal of a SHD chick from the 37°C environment, a chick was removed from the corresponding treatment in the 25°C environment, and blood was sampled. In addition, one chick was randomly selected, and blood Means within a column with differing subscripts are significantly different (P ≤ 0.05).
1 Four replicate groups of chicks that had been fed 0.2, 0.3 and 0.5% NPP diets and housed at 25°C from 8 to 22 d were moved to the 37°C environment from d 22 to 24, whereas one replicate group of chicks that had been fed 0.2, 0.3 and 0.5% NPP diets remained in the 25°C environment. Chicks exposed to the 25°C environment were included as a reference and are not included in the statistical model.
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The chicks fed the 0.2% AP diet and exposed to 37°C were removed from the experiment after 6 h due to high mortality. Means of eight groups of five male New Hampshire × Columbian (NH × C) crossbred or Ross × Ross (R × R) commercial broiler chicks from d 8 to 22; average initial weight was 99 g for NH × C crossbred and 94 g for R × R broiler chicks.
was sampled from each treatment at 6 and 24 h postinitiation of the temperature treatments. Blood samples were mixed with lithium heparin and stored under vacuum and on ice (<30 min) until analyzed for pH, partial pressure of CO 2 (pCO 2 ), pO 2 , base excess (BE), HCO 3 , total CO 2 (tCO 2 ), soluble O 2 , and lactate using the CG4+ cartridge and an i-STAT 2 blood analyzer.
Statistical Analysis
Data from all chick experiments were subjected to AN-OVA for completely randomized designs with the appropriate factorial arrangement of treatments using SAS software (SAS Institute, 1985) . Chick mortality, SHD, and tibia ash percentage data were arcsin transformed prior to statistical analysis for all experiments. In experiment 3, pH data were log transformed prior to statistical analysis. Growth performance, mortality, and SHD data are presented as means with a pooled SEM. Blood data of chicks showing signs of SHD were analyzed as a 2 × 3 factorial with NPP level and temperature in experiment 3, as only the Ross × Ross chicks showed significant incidence of SHD. Due to the removal of all broiler chicks after 6 h of HS in experiment 3, blood samples obtained after 6 and 24 h of HS were analyzed as 3 × 2 × 2 and 3 × 2 factorials, respectively. Data for blood measurements are presented as means with a pooled SD due to differing sample sizes.
RESULTS AND DISCUSSION
Growth performance data for experiment 1 are shown in Table 2 . Both NPP level and HS affected (P ≤ 0.01) weight gain, feed intake, and feed efficiency. There were also (P ≤ 0.01) interactions between NPP level and HS for all growth parameters. The latter resulted because chicks housed at 25°C showed increased weight gain, feed intake, and feed efficiency with all increasing levels of dietary NPP, whereas chicks housed at 37°C did not show increased growth or feed efficiency above 0.3% dietary NPP and no response in feed intake at any NPP level. Mean mortality was 2.5% and did not differ among treatments (P > 0.05; data not shown). There is little information available on the effects of chronic HS and dietary P level for chicks. The results of our experiment suggest that chronic HS resulted in a reduction in the NPP requirement of the chicks for growth. This reduction probably resulted because the HS treatment limited the growth of the chicks, subsequently reducing the chicks P requirement for growth.
The growth performance and tibia ash data from experiment 2, in which HS was initiated at 15 d of age, are shown in Table 3 . As in experiment 1, NPP level and HS affected (P ≤ 0.01) growth performance. Interactions (P ≤ 0.01) occurred for chick weight gain and feed intake because HS did not reduce growth performance of chicks receiving the 0.2% NPP diet but did reduce the weight gain and feed intake of chicks fed the higher levels of NPP. No differences (P > 0.05) were observed in chick mortality among treatments during the 8-to-22-d period (data not shown). When expressed as milligrams per chick, there were increases (P ≤ 0.01) in tibia ash with increasing NPP level and a significant decrease due to HS exposure at 0.4 and 0.5% NPP. When tibia ash values were expressed on a percentage basis, the NPP effect was still present (P ≤ 0.01), but no differences were noted due to HS. Thus, the effects of HS on tibia ash (mg/chick) can be attributed to the differences in body and tibia weights of the chicks at time of collection.
The mortality data for the additional chicks that were maintained on 0.2, 0.3, or 0.5% NPP diets and housed at 25°C until d 22 to test the effects of acute HS on older nonacclimated chicks for experiment 2 are reported in Table 4 . Significantly (P ≤ 0.01), 35% of the chicks fed the 0.2% NPP diets succumbed to acute HS within 6 h of initiation. At this time, all chicks fed the 0.2% NPP diet and exposed to the 37°C environment were removed from the experiment. No chicks from any other combination of dietary NPP or temperature treatments experienced any mortality during the entire 22-to-24-d period. These results indicate that a severe dietary P deficiency increases susceptibility of older chicks to acute HS. McCormick et al. (1979 McCormick et al. ( , 1980 and McCormick and Garlich (1982) also Means of four groups of five male chicks. Due to the high incidence of SHD, R × R commercial broiler chicks fed 0.2% NPP were removed from the 37°C environment after 3 h, and those fed 0.3 and 0.5% NPP were removed from the 37°C environment after 6 h.
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Incidence of SHD for 0 to 2, 0 to 4, and 0 to 6 h after initiation of the increase in temperature for the 37°C treatment.
reported reduced survivability of chicks fed low-P diets and then fasted and exposed to severe HS (41°C) in comparison to fasted chicks fed a P-adequate diet.
Experiment 3 utilized New Hampshire × Columbian crossbred chicks and Ross × Ross commercial broiler chicks to further explore the interaction between acute HS and NPP deficiency in 22-d-old chicks that had been fed diets varying in NPP from 8 to 22 d. There were main effects (P < 0.01) of NPP level and breed for chick growth, feed intake, and feed efficiency ( Table 5) . As expected, increasing NPP allowed for increases in growth, feed in- Means of chicks exposed to 37°C and then blood was sampled after showing signs of SHD within the first 6 h or corresponding chicks housed at 25°C. 2 pCO 2 = partial pressure of CO 2 ; BE = base excess; tCO 2 = total CO 2 . take, and gain:feed in both breeds, and growth performance of the commercial broiler chicks was better than the crossbred chicks. There were interactions (P ≤ 0.01) between NPP level and breed for weight gain and feed intake. These interactions occurred because the responses to increased NPP level were greater in commercial chicks than in crossbred chicks.
The incidence of chicks displaying signs of SHD after exposure to acute HS from d 22 to 24 is shown in cumulative 2-h periods in Table 6 . Within 2 h, 38% of the commercial broiler chicks fed 0.2% NPP and exposed to acute HS Means of four chicks selected randomly (one per group) from four groups of male chicks. Heat stress (37°C) treatment was initiated on d 22. Due to high incidence of severe heat distress, R × R commercial broiler chicks fed 0.2% NPP had been removed from the 37°C environment after 3 h. exhibited signs of SHD, whereas no other birds were affected at this time. This resulted in a three-way interaction (P ≤ 0.01) among temperature, NPP level, and breed. After 4 h, there was SHD in 10% of crossbred chicks and 48% of commercial broiler chicks fed 0.2% NPP and exposed to HS, resulting in NPP level × temperature interaction (P ≤ 0.05) and temperature × breed interaction (P ≤ 0.01). The NPP × temperature interaction was due to increased SHD of the HS chicks fed the 0.2% NPP diets in comparison to the HS chicks fed 0.3 and 0.5% NPP. The temperature x breed interaction was due to the higher incidence of SHD in the broiler chicks than in the crossbred chicks exposed to acute HS. After 3 h, the broiler chicks fed 0.2% NPP and exposed to HS were removed from the experiment due to the high incidence of SHD. Broiler chicks fed the 0.3 and 0.5% NPP diets had 20 and 25% SHD, respectively, at the end of 4 h. At 6 h, there were further increases in SHD in the broiler chicks fed 0.3 and 0.5% NPP that were exposed to HS. Consequently, all broiler chicks exposed to HS were removed from the experiment due to high incidence of SHD. These results confirm those of experiment 2 that NPP deficiency increases susceptibility of older chicks to HS and also indicate that the effects are greater for commercial broiler chicks than for crossbred chicks. These data agree with previous reports that have shown birds selected for rapid growth and increased BW are more susceptible to acute HS than slower growing or smaller birds Cahaner, 2001a,b, 2002) .
The results of blood analysis of commercial broiler chicks showing SHD during the first 6 h after onset of HS are presented in Table 7 . The data reported in this table are from birds that are succumbing to HS and are more variable than data collected at both 6 and 24 h after initiation of HS. Analysis of pO 2 and soluble O 2 were also made, but these values were inconsistent and are not reported. There were generally no significant effects of NPP level except for a tendency for tCO 2 to be reduced as NPP level increased (P = 0.06). The decreases (P ≤ 0.01) in BE, HCO 3 − , and tCO 2 due to HS were expected as the chicks implemented respiratory evaporative cooling in response to elevated temperatures (Siegel et al., 1974; Kohne and Jones, 1975; Teeter et al., 1985) . There were interactions between NPP and HS for pH (P = 0.07) and pCO 2 (P ≤ 0.05). The interaction for pH occurred because the HS chicks fed 0.2 and 0.3% NPP diets showed reduced blood pH, but at 0.5% NPP, the HS treatment resulted in similar blood pH values to non-HS chicks. Chicks receiving the 0.2 and 0.3% NPP diets did not show a reduction in blood pCO 2 levels due to HS, but the chicks fed the 0.5% NPP diet did have significantly reduced blood pCO 2 in response to HS. The interactions for pH and pCO 2 are inconsistent with previous studies that have reported an increase or no change in blood pH and decreases in pCO 2 with acute HS (Parker and Boone, 1971; Siegel et al., 1974; Kohne and Jones, 1975; Yahav et al., 1997; Sandercock et al., 2001 ). An important factor associated with blood pH in our study could be the P status of the birds, as phos- Means of four chicks selected randomly (one per group) from four groups of male chicks. Heat stress treatment was initiated on d 22. Due to high incidence of severe heat distress, R × R commercial broiler chicks fed 0.2% NPP were removed from the 37°C environment after 3 h and those fed 0.3 and 0.5% NPP were removed from the 37°C environment after 6 h. 2 pCO 2 = partial pressure of CO 2 ; BE = base excess; tCO 2 = total CO 2 .
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Commercial broiler chicks were sampled from the 25°C environment for comparison but were not included in the statistical analysis.
phate is an important part of the blood buffering system (Seeley et al., 1999) . The reduction in blood HCO 3 − caused by panting along with lower levels of dietary NPP might have reduced the chick abilities to regulate blood pH, causing a decrease due to changes in the metabolic state of the birds as they started to succumb to HS. These factors might also have contributed to the interaction between NPP and HS for pCO 2 , which is interesting but difficult to explain.
Data from blood samples procured 6 and 24 h after initiation of HS are shown in Tables 8 and 9 , respectively. There were no effects of NPP level on any blood parameter measured. As observed with SHD chicks removed from the experiment earlier, increased temperature reduced (P ≤ 0.01) blood pCO 2 , BE, HCO 3 − and tCO 2 at 6 and 24 h postinitiation of HS. There were no interactions between dietary NPP level and HS at 6 or 24 h, except for a significant temperature × breed interaction for tCO 2 at 6 h. This interaction was due to the different responses of the crossbred and commercial chicks fed the 0.5% NPP diets and is of questionable relevance. The blood data from experiment 3 suggest that dietary NPP deficiency may impair chick abilities to regulate blood pH and pCO 2 during HS and thus may be the primary reason for the increased incidence of SHD and mortality in chicks exposed to acute HS.
The results of the current study suggest that chronic HS reduces the NPP requirement of young (7 to 21 d old) chicks because growth rate is decreased. However, severe restriction of dietary NPP (0.2%) increases mortality and incidence of SHD in older (22-d-old) chicks subjected to acute HS. This increase in mortality or SHD due to P deficiency can be reduced or eliminated with supplementation of NPP to 0.3% of the diet. Although dietary NPP levels used commercially generally exceed 0.3% NPP for chicks during the 0-to-24-d period, caution should be used when feeding reduced P diets in warmer climates or during periods that birds could be exposed to acute increases in temperature.
